The two-dimensional plasma resonance excited in the channel of a field effect transistor has recently been utilized as the frequency-selective absorber in a monolithic far infrared plasmonic cavity detector. In this article we discuss the relevant parameters pertaining to engineering the plasmonic cavity and an integrated detection element as constituent elements of a resonant far infrared detector. The spectra of low-order plasmon modes in 18 μm and 34 μm long two-dimensional plasmonic cavities with 4 μm period grating gates have been measured. When the length of the plasma cavity is significantly larger than the gate length or period, the cavity length rather than grating period defines the plasmon wavevector. Electronic noise sources are considered; random telegraph noise is suggested as a dominant noise source when the device is operated as a highly resistive bolometric detector.
INTRODUCTION
Terahertz and millimeter wave detection techniques have developed in the last 30 years to address applications in diverse fields such as security, 1 medicine, 2 astrophysics 3 and spectroscopy. 4 However, operating in this band remains challenging due to the "THz gap" between electronics and photonics. Microwave techniques are typically limited by bandwidth, while photonic approaches based on state to state transitions correspond to energetic separations of several meV which are on the order of k B T except at cryogenic temperatures. Plasmonics are a rather natural bridge across this gap. For two-dimensional (2D) plasmons in III-V heterostructures, the low-frequency cutoff for resonant operation is determined by the damping rate of the plasmon. At cryogenic temperatures the lowfrequency cutoff extends into the range of several GHz. Although high temperature operation is limited by the reduced carrier mobility of the two-dimensional electron gas (2DEG), GaN-based plasmonic devices have been shown to sustain resonant absorption above 1 THz up to 170 K 5 and produce coherent emission at .5 THz and above at room temperature. 6 Even in the over-damped limit where ωτ p << 1, however, field effect transistor (FET) based non-resonant resistive mixing detectors have been developed for room temperature operation. 7, 8 In this article we identify and address the primary engineering focus areas for optimization of III-V based resonant plasmonic cavity detectors that operate in the millimeter wave and terahertz bands of the electromagnetic spectrum. In this class of device an antenna couples incident radiation to a GaAs/AlGaAs high electron mobility transistor (HEMT) at its vertex. Understanding the relevant geometries for resonantly exciting a far infrared plasmon is of vital importance. For low-order plasmon modes the cavity size, not gate length or period, is the geometric scale of primary significance for defining the plasmon wavevector. The effect of bias scheme upon noise equivalent power (NEP) is also considered. The detection mechanism, either bolometric or rectification depending on the bias of the HEMT, determines the circuit time constant as well as the limiting noise source. Paths for optimization of detector figures of merit are considered in this context. The antenna coupled detector in Fig. 1 does not lend itself to these limiting cases. Except for very high order modes, the product q m d is on the order of 1 and the effect of screening cannot be approximated. More importantly, there are two length scales that can determine the plasmon wavevector: the grating period of 4 μm and the cavity length set by the distance between source (S) and the barrier gate (BG).
Plasm

Device Specifications and Properties
The detector designs utilize the same double quantum well GaAs/AlGaAs heterostructure (Sandia wafer EA1149) and layout that has been reported upon previously with only a modification to the channel length and gating design. [14] [15] [16] The channel is 10 μm wide with an intrinsic 2D carrier density of 4.2 x 10 11 cm -2 and mobility approaching 10 6 cm 2 /V s measured at LHe temperatures. The detector in Fig. 1 (a) has a 22 μm long channel and 4-period grating gate, while the detector in Fig. 1 (b) has a 38 μm long channel and 8-period grating gate. These devices will be referred to as 4P and 8P, respectively. The plasma cavity is treated as the region of channel between the source (S) and barrier gate (BG), 18 μm in length for sample 4P and 34 μm in length for sample 8P. As designed the 4 μm period grating has a 50% duty cycle. However, the fabricated devices have a duty cycle of gate metallization of 60%-65%. The barrier gate is biased beyond threshold effectively terminating the 2DEG at it edge; this forms two cavities, the large cavity from S to BG and a short ~2 μm cavity from BG to drain (D). This ~2 μm cavity is neglected as its fundamental plasma frequency is well above that of the S to BG cavity in either device.
Biasing of the detectors was consistent with the bolometric mode of operation characterized in Refs. 14-16. Threshold of the channel is at V TH = -2.5 V, with drift of the threshold voltage occurring over time when BG is biased past threshold. A drain current of I D = +500 nA was applied. With BG bias past threshold, a highly nonlinear and temperature dependent current-voltage characteristic is induced. Absorption of radiation reduces the barrier impedance, and a photoconductive signal is produced when the detectors are illuminated. The detector signal is measured as the transient change in voltage between source and drain, δV SD = I SD δR barrier .
Characterization Methods
Samples 4P and 8P were primarily characterized using the UC Santa Barbara (UCSB) Free Electron Laser (FEL). The heat sink temperature was 20 K for all measurements in the following sections. The UCSB FEL is a pulsed, tunable source of far infrared (FIR) radiation with MW instantaneous power. For these measurements, the incident power was attenuated to mW levels, while μs pulse widths and excitation frequencies ranging from 150 GHz to 400 GHz were used. The pulse energy was measured using a Thomas Keating absolute power head. Because in the following sections only the resonant spectra are considered, the data has been normalized by extracting the response amplitude from a fit to an exponential decay and dividing the response amplitude by the incident energy to produce a normalized signal proportional to the detector responsivity.
Additional measurements at 80 GHz, 110 GHz and 140 GHz were made using Gunn oscillators as radiation sources in the same optical setup and device operating points. The sources were electronically modulated and standard lock-in techniques with a Stanford Research 830 were used to measure the detector signal at the modulation frequency. A normalization method utilizing the lock-in signal and source power measured using a Thomas Keating absolute power head was used to extract a detector signal proportional to the detector responsivity as in the pulsed experiments.
The detectors were maintained at fixed drain current of +500 nA and BG bias while TG was swept for +0.2 V to -2.0 V at each excitation frequency. It is useful to define a normalized carrier density for the region below the tuning gate,
where n 0 is the intrinsic carrier density of the 2DEG. This approximates the channel carrier density immediately below the gate as scaling linearly with gate voltage, consistent with a simple capacitance between gate and 2DEG. Due to the > 60% duty cycle of the gate and fringing of the gate fields, the average or effective carrier density is approximated as 
DETECTOR NOISE
Detector Figures of Merit
In this section we consider optimization of the detector noise equivalent power (NEP). The responsivity of sample 4P is estimated to be more than an order of magnitude lower than that of the detector geometry characterized in Ref.
14, on the order of 50-100 V/W with 857 Hz modulation under the bias conditions described in Section 2. The optimally performing detector geometry, which had a responsivity of 7 kV/W on resonance under comparable operating conditions, is pictured in the inset of Fig. 4 . Detailed analysis of the responsivity (> 100 kV/W) and NEP (< 50 pW/Hz 1/2 ) of the optimally performing detector geometry with an integrated lens is provided in Ref. 16 . Although it is not fully understood why a shorter channel detector such as the device in the inset of Fig. 4 yields an overall superior responsivity relative to sample 4P, a probable explanation is that the longer plasma cavity presents a larger impedance to the antenna-transistor circuit and the power coupling due to the antenna-HEMT impedance mismatch is inferior. However, further study is required to confirm or reject this hypothesis.
Characteristic noise spectra for this device design with BG biased past threshold measured using a Stanford Research 785 Spectrum Analyzer are shown in Fig. 4 . Because the operation of the bolometric element is identical across devices and DC transport is dominated by the depleted region under the barrier, it is reasonable to estimate NEP for sample 4P using these results. In this case, the estimated NEP without an integrated lens is approximately 10 nW/Hz 1/2 at 857 Hz, significantly poorer than the .5 nW/Hz 1/2 observed without lens coupling for the device layout shown in Fig. 4 . Though this modulation frequency is beyond the limit imposed by the circuit RC time, both signal and noise density are filtered by the circuit. Therefore the NEP remains near its optimum even above the RClimited cutoff frequency.
Noise Sources
Random telegraph signal (RTS) noise is a potentially dominant noise source given the small density of carriers below the barrier gate, relatively large current density, and presence of unoccupied traps adjacent to the FET channel. The RTS noise power spectrum follows a Lorentzian with cutoff frequency set by the relaxation time due to carrier capture and emission by traps. 18, 19 Shot noise with an approximately "white" voltage density spectrum ⁄ 2 20 will be present due to fluctuations in number of carriers either tunneling through the lateral barrier induced beneath the bolometric gate in the limit 21 or traversing the barrier via thermionic emission. 22 Shot noise is estimated below 1 ⁄ ⁄ in this bias regime. Thermal or Johnson-Nyquist noise from the series resistance of HEMT channel and Ohmic contacts is negligible in comparison to shot noise due to the comparatively huge DC impedance of the gate-induced barrier. The detector noise spectra are well above the shot noise floor, while RTS noise cannot be observed definitively if indeed the relaxation time is shorter than the detection time constant, which is on the order of 1 ms. This precludes any conclusions concerning noise sources other than the dominant source at low frequency is either nearly spectrally flat or has a characteristic time scale shorter than the detection time constant, and is neither shot nor thermal noise.
If indeed RTS noise dominates because of the transport mechanism in the depleted barrier region, operation of the FET with lower channel impedance might be desirable. Although it is evident the highly resistive bolometric mode produces a superior responsivity, the noise density also is amplified. The long detector time constant additionally ensures that there is no advantage to operating at higher modulation frequency because both signal and noise roll off concurrently above the RC cutoff. A less resistive mode of operation could (1) reduce RTS noise by increasing carrier density, (2) reduce shot noise by decreasing channel resistance, and (3) increase the viable modulation frequency by shortening the detector time constant. Further improvement could be achieved by reducing or eliminating bias current. All of these factors suggest a photovoltaic or rectified response is a promising avenue to improve NEP, even if responsivity is reduced. Figure 4 . Typical noise spectra at cryogenic temperatures for a sample with three gates and a 14 μm channel length at cryogenic temperatures. Noise densities were measured at 6.3 K with barrier gate (BG) beyond threshold for several currents.
CONCLUSIONS
We have demonstrated that the fundamental resonance in grating gated antenna-coupled 2D plasmonic detectors is a cavity mode where the fundamental wavevector is set by cavity length. Two samples have been characterized with consistent results when considering low order plasmon modes. The limit 
<<
is suggested to determine whether cavity length rather than gate geometry sets the fundamental wavevector for 2D plasmons in a medium with weak modulation of both screening and carrier density. Analysis of potential noise sources indicates a photovoltaic response mechanism is promising; however, it is unclear at this time as to whether the certain reduction in noise density will be sufficient to offset the lower responsivity. Both the plasmonic spectrum where higher order cavity wavevectors approach the grating wavevector and the detector figures of merit with a photovoltaic response mechanism are fruitful avenues for continued study of this class of integrated 2D plasmonic device.
